The clustering of neurotransmitter receptors and cell adhesion molecules at specific sites of the cell membrane (i.e. the postsynaptic membrane) is brought about by a dense network of submembranous proteins that becomes visible as an electron-dense thickening at the postsynaptic membrane (postsynaptic density, PSD). PSD proteins are able to anchor and cluster membranespanning receptors and/or cell adhesion molecules via protein-protein interaction domains (1, 2) .
The search for proteins that are localized at the PSD revealed a family of multidomain proteins termed proline-rich synapse associated protein (ProSAP1 and ProSAP2) or somatostatin-receptorinteracting protein (SSTRIP). For convenience and in accord with the most frequently used nomenclature, we will refer to these proteins as Shank proteins (see Scheme). These proteins may act as a molecular interface between neurotransmitter receptors and cell adhesion molecules and the actin based cytoskeleton (5, 7, 9) . To date three members of this family, Shank1-3 have been identified (4) (5) (6) (7) (8) (9) (10) (11) , containing multiple protein-protein interaction domains including ankyrin repeats, an SH3 domain, a PDZ (PSD-95/discs-large/ZO-1) domain, several proline-rich regions and a C-terminal SAM domain (Scheme). The highly conserved PDZ domain has been shown to interact with the C terminus of several different proteins such as the postsynaptic-density protein synapse-associated protein associated protein/guanylate kinase associated protein (SAPAP/GKAP) (4, 6, 9) and several G-protein coupled receptors including the somatostatin receptor subtype 2 (5,10) and the calcium independent receptor for alpha-latrotoxin (12, 13) . Via SAPAP/GKAP proteins the PDZ domain of the Shank proteins is linked to the N-methyl-D-aspartate (NMDA)-receptor/PSD-95 complex, whereas one of their proline-rich regions serves as a docking site for the metabotropic glutamate receptor (mGluR) binding protein Homer (11) . In addition, the SH3 domain has been proposed to interact indirectly with the α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA)-type glutamate receptor interacting protein (GRIP) (14) .
Taken together, these data suggest that the Shank proteins act as a master scaffold for glutamate receptor complexes in the postsynaptic specialization (14) . Firm contact of this scaffold with the cytoskeleton is then established via the interaction of another proline rich region of Shanks and the SH3 domain of the F-actin binding protein cortactin (8) .
To date, little is known of potential protein candidates interacting with the N-terminally located ankyrin repeats of Shank1 and 3. First described by Breeden und Nasmyth (15) in two yeast cellcycle regulator proteins (Swi6p and CDC10p), ankyrin repeats were named after repetitive units present in the ubiquitous adapter protein ankyrin (16) and are known for their interaction with many diverse proteins (17) . Here we report on a novel interaction of the ankyrin repeats of Shank1 and 3 with a component of the membrane associated cytoskeleton α-fodrin (also known as brain α spectrin), another multidomain protein that contains 22 spectrin repeats, one SH3 domain and two EF-hand motifs proximal to the C-terminus of the protein (18) (19) (20) . Our data indicate that the complexes consisting of α-fodrin and either Shank1 or Shank3 may represent a dynamic substructure of the synapse responsible for alterations of the functional architecture that occur during the organization and reorganization of spines and synapses in the central nervous system (21, 22) .
MATERIALS AND METHODS

Expression of Fusion
Proteins -A cDNA fragment encompassing the ankyrin-repeat region (6 repeats) of human Shank1 was cloned into the bacterial expression vector pQE-30 (Qiagen, Hilden, Germany) which allows the expression of 6xHis-tagged fusion proteins. His 6 -Shank1 189-399 was expressed in E. coli strain TopF10' and purified on Ni-chelating sepharose (Qiagen, Hilden, Germany) following the manufacturers instructions. cDNA fragments coding for the C-terminal two spectrin repeats and the EF-hands of rat α-fodrin as well as the EF-hands alone were cloned into the pGEX4T-2 GST-fusion protein expression vector (AP Biotech, Freiburg, Germany); proteins were expressed in TopF10' cells, and purified on glutathione Sepharose (AP Biotech).
Purification of Proteins Binding to Shank1
-Affinity purification of His 6 -Shank1 189-399 -binding proteins followed a protocol essentially as described by Firestein and Bredt (23) . After dialysis into 0.1 M NaHCO 3 , 0.5 M NaCl, 10 mg of purified protein were coupled to 5 ml NHSSepharose (Amersham Pharmacia Biotech). Bovine serum albumin was also coupled to NHSSepharose (5 mg BSA/ml Sepharose). Brains of 25 adult rats were homogenized in 200 ml buffer A [20 mM HEPES, pH 7.4; 125 mM NaCl; 10% glycerol; 1 mM DTT; 1 mM EGTA; 1 mM EDTA; 4 tablets of complete protease inhibitor cocktail (Boehringer Mannheim, Germany)]. Triton X-100 was added to a final concentration of 1% and the extract was incubated for 1 hr at 4°C. Insoluble matter was removed by centrifugation at 18,000 x g for 15 min. The supernatant fraction was applied to the BSA-Sepharose and incubated over night. The BSA-resin was removed by centrifugation, and the supernatant fraction applied to either fresh BSA-Sepharose (10% of the sample) or His 6 -Shank1 189-399 -Sepharose (90% of the sample). After incubation for three hrs, unbound material was removed and the Sepharose washed extensively in buffer A containing 1% Triton X-100 and 0.5% Nonidet P40, followed by buffer A containing 1% Triton X-100 only.
Bound proteins were eluted with buffer A containing 1% Triton X-100 and 2.5 M urea, followed by a second elution step with 4 M urea in the same buffer. 20% trichloroacetic acid (0.66 volumes) was added to precipitate proteins. After centrifugation, pellets were washed with ether/ethanol (1:1), and solubilized in 100 mM Tris-HCl, pH 8.8 including 1% SDS. Proteins were resolved by 10% SDS polyacrylamide gel electrophoresis.
After staining with Coomassie Brilliant Blue, bands of interest were excised, cut into small pieces and rinsed exhaustively in water until the pH of the supernatant was neutral. The gel pieces were lyophilized and subsequently rehydrated with 50 mM Tris-HCl (pH 8.5) containing trypsin (10% of estimated protein content of the band). After digestion over night at 37°C, peptides were extracted with 10% trifluoroacetic acid, purified on Sep-Pak C-18 cartridges (Waters, Eschborn, Germany) and lyophilized.
Mass Spectrometry -Samples were dissolved in water; 1 µl was applied on a fast-evaporation nitrocellulose/alpha-cyano-4-hydroxycinnamic acid layer (24) and analysed by MALDI-TOF mass spectrometry (Bruker Reflex mass spectrometer, reflector mode, pulsed-ion extraction). Pulldown assays -GST fusion proteins of α-fodrin fragments were expressed and purified; proteins were not eluted but left on the glutathione Sepharose. 35 µg of His 6 -Shank1 189-399 were added in 50 mM Tris-HCl, pH 7.4, 0.1% Triton X-100, and incubated at 4°C for 2 hrs. After extensive washing in the same buffer, bound fusion proteins were eluted by boiling in SDS sample buffer, separated on 10% SDS-PAGE and analyzed by Western Blotting using an antiserum directed against the ankyrin repeat region of Shank1. 
Cell Culture Experiments
Immunohistochemistry of Hippocampal Neurons and Rat Brain Sections -Hippocampal neuronal
cultures from 18 days-old embryonic rats were prepared and grown on coverslips as described by Goslin and Banker (25) , washed in PBS (0.9% NaCl; 100mM sodium phosphate buffer, pH 7. In Situ Hybridization -Rat brains from different developmental stages were frozen on dry ice in isopentan at -40°C. The brains were cut with a cryostat in horizontal sections (18 µm), mounted on Superfrost Plus slides (Menzel, Braunschweig, Germany) and stored at -70°C until used. Shank3 and α-fodrin mRNAs were detected with cDNA antisense oligonucleotides purchased from MWG-Biotech (Ebersberg, Germany): Shank3 (GenBank #AJ 133120): 5'-GTG-GCA-GGT-
. Hybridization was performed as previously described (7).
RESULTS
Identification of α↑Fodrin as Interacting Partner of the Ankyrin Repeats of Shank3 and Shank1 -
In a yeast-two-hybrid experiment the ankyrin repeats of Shank3 240-442 were used as a bait to screen for potentially interacting proteins in a rat brain cDNA library. Out of 1 x 10 6 clones four positive candidates were obtained: Three clones coded for the rat amyloid precursor like protein 1 (APLP1), one clone for the C-terminal part of α-fodrin (amino acids 2019-2472; Fig. 1 ). The sequence starts in the middle of the 20th spectrin repeat, followed by spectrin repeat 21, 22 and two EF hand regions known to be common motifs of a superfamily of calcium-binding proteins; thus the clone lacks most of the spectrin repeats as well as the SH3 domain (20) .
To further map the region of α-fodrin interacting with the ankyrin repeats of Shank3 several α-fodrin prey constructs were designed coding for one or a combination of the above mentioned domains (named Fod1-Fod9, see (Fig. 1) , whereas all other prey constructs lacked any interaction with the ankyrin repeats.
In a parallel affinity chromatography experiment a His 6 -tagged recombinant Shank1 protein containing the six N-terminally located ankyrin repeats (His 6 -Shank1 189-399 ) was used as an affinity matrix to search for binding partners of the ankyrin domains of Shank1 in the rat brain ( Fig.   2A, lane 1) . After eluting the bound proteins from the His 6 -Shank1 189-399 -Sepharose beads three major bands were visible on SDS-PAGE ( Fig. 2A, lane 3) . Two bands at 45 kDa and 260 kDa were clearly enriched when compared to the supernatant fraction after preadsorption with BSA-Sepharose (lane 2); a third band at 50-55 kDa was also very abundant in the affinity purified preparation but had about the same intensity as in the initial supernatant fraction (lane 2). These bands were excised from the gel, digested with trypsin and identified by MALDI-TOF mass spectrometry using the mass fingerprinting technique as β-actin (45 kDa band), tubulin (50-55 kDa band) and α↑fodrin (260 kDa band). Western blot of the affinity purified eluate incubated with an anti-α↑fodrin antibody confirmed the presence of α↑fodrin at 260 kDa and some of its major proteolytic breakdown products at 120 and 150 kDa (lane 5).
To determine if the binding between Shank1 and α-fodrin was direct or indirect via bound tubulin or actin, pulldown experiments were performed using recombinant fusion proteins of the interacting domains. When a GST-fusion protein containing the spectrin repeats 21 and 22 was coupled to glutathione Sepharose beads, the His 6 -Shank1 189-399 protein bound efficiently to these beads (Fig. 2B) , clearly demonstrating the direct interaction between the ankyrin repeats of Shank1 with α-fodrin. No binding was observed when only the EF hands were used, which is in agreement with the mapping analysis in the yeast-two-hybrid system with Shank3 (Fig. 1) . In addition, a specific interaction of the α-fodrin (aa 2019-2472) cDNA clone with the Shank1 189-399 cDNA construct was also observed in the yeast-two-hybrid system (data not shown) indicating that both Shank1 and 3 are equivalent in their interactions with α-fodrin.
Apparently the domains involved in the formation of the Shank1-or Shank3-α-fodrin complexes are different from those involved in the well-characterized spectrin-ankyrin complex observed for example in red blood cells. In this case, the 15th spectrin repeat in the β-subunit of spectrin (27) interacts with a spectrin binding domain (which does not contain ankyrin repeats) of the ankyrin molecule (28). which may require localization in the cytoplasm rather than in the nucleus. This is in agreement with colocalization experiments of full-length α-fodrin and human Shank1 proteins upon transfection in HEK cells; here both proteins were mainly colocalized in the cytoplasm (Fig. 4A) .
Colocalization of Shank3 or
The interaction between both proteins in these cells was verified by coprecipitating both proteins using an antibody against α-fodrin (Fig. 4B ). Taken together with the mapping analysis performed in the yeast-two-hybrid system and the protein purification experiments by the affinity matrix, the in vivo colocalization data demonstrate that the ankyrin repeats of the Shank protein family interact specifically and strongly with the spectrin repeat 21 of α-fodrin.
In Vivo Coimmunoprecipitation of α-Fodrin with Shank1 or Shank3 -To determine if the interaction between the ankyrin repeats of Shank1 and α-fodrin can be observed in vivo,
coimmunoprecipitation experiments were performed from a brain membrane fraction (Fig. 5 ). In these experiments we used the anti-Shank1 PDZ domain antibody that recognizes both the 260 kDa (containing the ankyrin repeats; labeled by an asterisk in lanes 1-4) and the 180 kDa (lacking (Fig. 7A) . A similar widespread transcript distribution in rat brain has been observed previously using probes specific for Shank1 (5).
α-Fodrin and Shank3 proteins display a virtually identical distribution pattern throughout the rat brain. While the cytoplasm of most neurons is devoid of staining antibodies against both proteins detect their antigen in neurites and as small punctae in the neuropil. α-fodrin as well as Shank3 are most intensively expressed in the hippocampal formation as well as in the cerebellum (Fig. 7B ). In the hippocampal CA1 region cell bodies in the stratum pyramidale (StP) are not stained but an identical pattern of immunoreactivity is found along the neurites in the stratum radiatum (StR) and devoid of staining, while in the molecular layer a dense labeling of the neuropil is observed. In the granular cell layer (GCL) the glomeruli, i.e. large synaptic structures connecting mossy fibers from deep cerebellar nuclei with the cerebellar granule cells, are intensely stained (arrows). The cytoplasm of the granule cells is not labeled (Fig. 7B ). In conclusion, the widespread colocalization of Shank3 and α-fodrin supports a role for the interaction of these two proteins in vivo. been shown to be a major constituent of the postsynaptic density (19) , where it interacts with actin (β-subunit) as well as calmodulin (α-subunit) (19, 29) .
Yet, up to date it has been unknown how α-fodrin is connected to membrane bound receptors at the postsynaptic density. The finding that α-fodrin interacts with the multidomain proteins Shank1 and 3 now provides a physical link between the receptive apparatus such as glutamate receptors, i.e.
NMDA, metabotrobic and possibly also AMPA-type receptors (14) and a cytoskeletal protein.
An interesting feature of α-fodrin is its selective calmodulin dependent processing in response to the elevation of calcium levels (30) and/or synaptic activity; in fact the occurrence of proteolytic cleavage products of α-fodrin has been used as a marker for recent synaptic activity (31) . Elevated calcium activates the endogenous calpain protease which subsequently degrades α-fodrin and thus induces an increase in the glutamate binding sites, an effect that can be prevented by the application of calpain inhibitors or by anti-α-fodrin antibodies (32) . As calpain releases the C-terminal (Shank1/Shank3-ankyrin binding) part of α-fodrin, calcium (or activity) dependent proteolysis of α-fodrin would lead to a a major structural rearrangement of the synapse in which the NMDA receptor-mGluR complex remains attached to the Shank proteins but is released from the fodrincontaining part of the cytoskeleton, accompanied by dissociation of fodrin and actin (30) . In cooperation with other activity dependent modifications such as protein phosphorylation and local translation of mRNAs, proteolysis may thus represent another mechanism to contribute to the morphological alterations observed during synaptic plasticity allowing a rapid remodeling of synapses following stimulation.
Legends to figures
Scheme. Structural organization of the various members of the Shank protein family. Alternative names are used in the literature. SH3 domain and ankyrin repeat containing protein 1, Shank1 (3, 4) is also termed SSTRIP (5), Synamon (6) or Spank-1 (GenBank #AF159046). Shank2/ProSAP1
(7)/Cortactin-binding protein, CortBP1 (8) is also referrred to as Spank-3 (GenBank #AF159048) and Shank3/ProSAP2 (9) 
